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Abstract 
Insufficient water in the hydrologically critical part of the year is a problem often present in sub-arid areas. Human water demand 
and climate change compound the problem. This paper discusses the possibility of karst spring overexploitation, where there is a 
siphon-shaped cavity inside the mountain. Additionally, the paper presents some basic information related to the test area and 
Krupac Spring investigations including diving. The project, successfully implemented about 10 years ago, has provided the city of 
Niš with an additional 200 l/s of spring water during the most critical part of the year. 
 
© 2016 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of the organizing committee of the EWaS2 International Conference on Efficient & Sustainable 
Water Systems Management toward Worth Living Development. 
Keywords: Krupac Spring karst; overexploitation; climate change; mathematical model. 
1. Introduction 
The Krupac Spring is located on the right bank of the Nisava River, on the slopes of the Svrljig Mountains in eastern 
Serbia. Discharge from the Krupac Spring is non-uniform, ranging from 30 l/s up to 11 m3/s (the average outflow is 
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slightly below 1 m3/s). In this regard, an analysis of geologic and hydrogeologic conditions prevailing in the immediate 
and wider zone of the Krupac Spring indicated the possibility of karst storage outflow regulation, primarily as a result 
of favorable geometry of the karst channel from which the water is discharged. With adequate aquifer regulation 
measures implemented twelve years ago, the Krupac water source provides additional amounts of water during the dry 
season, when the demand of the city of Niš is at its highest, on account of waters from deeper karstic formations, i.e. 
waters that occupy fissures beneath the existing overflow threshold. The volume of the water tapped from the 
underground mountain storage is recovered during periods of heavy precipitation and lower demand of the city [1], 
[2]. Climate change, e.g. observed decrease in precipitation in this part of Serbia, increase the water resource 
availability problem [4], [5], [6]. 
2. Geologic features of the catchment area and past investigations 
The Krupac Spring is situated within the Rinj-Gulijan synclines (trending NW-SE), at an elevation of | 263 m.a.s.l., 
and it is the point of overflow where the bed-like form is emptied [2]. Water discharge is the result of a very complex 
system of faults and fractures that transport water from central karstic sections of the Svrljig Mountains. This spring 
is a so-called upward overflow spring, or Vocliscian spring, where groundwater circulates upwards, along primary 
zones, under the influence of hydrostatic pressure. On the basis of exploratory drilling, geophysical investigations, 
and laboratory evaluation of photo-geological maps and satellite imagery, the recharge zone of the Krupac Spring was 
estimated to cover an area of 73-74 km2. The boundaries of the catchment area are a result of tectonic movement that 
altered the spread of a Barrem-Aptesian carbonate complex (K13.4). A karst/fracture type of aquifer was created in the 
limestone formation of the Svrljig Mountains, with Urgonian sandbar development, whose estimated sediment 
thickness is 450 m. Intense tectonic movement created a system of faults and fractures, and resulted in a higher rate 
of karstification. Under chemical and mechanical influences of surface water and precipitation, surface 
geomorphologic features of karstic development were created, including karrens, sinkholes, karst shafts, small karstic 
depressions, etc. An analysis of terrain reconnaissance and a helio-image confirmed these features in the catchment 
area. Fault zones represent primary zones of groundwater circulation and outflow. Accumulation of groundwaters 
occurs in the higher zones of the Svrljig Mountains, i.e. those with more intensive water renewal. The karst/fracture 
aquifer of the Krupac Spring is recharged by precipitation. The aquifer is predominantly drained by the Krupac Spring 
and to a lower extent by the Banjica I and Banjica II springs, as well as through proluvial-diluvial deposits at the foot 
of the Svrljig Mountains, between Krupac and Dolac (seeps and wetlands). 
The catchment area was investigated in detail, in order to assess the feasibility of pumping water from the Krupac 
Spring and to quantify the water that may be provided during the dry season. Laboratory evaluation of satellite 
imagery, hydrogeologic mapping, and monitoring of meteorological and hydrogeologic changes in the catchment area 
indicated the primary recharge zones of the karst aquifer of the Krupac Spring, the direction of travel, and the basic 
conditions for drainage and circulation through fractures and faults of the karstic formation of the Svrljig Mountains.  
Investigation of the Krupac water source was initiated in 1997, with the objective to define the prospects of the 
spring with regard to capacity expansion. Underwater activities (geodetic & hydrometric surveys) identified primary 
groundwater circulation channels, their size, and orientation to the depth of 73m. A pumping test was also conducted 
in 1997, in order to determine amounts of free (gravitational) waters in fractures beneath the present zone of outflow. 
The test included the installation of 2 pumps (300 l/s each) at a depth of 25m & 29m from the overflow elevation, and 
a discharge pipeline to the collecting basin of the Krupac Pumping Station. Additional investigations included the 
selection of location for a water tapping structure and familiarization with hydrodynamic characteristics of the 
immediate zone of the spring. Activities comprised geophysical testing, underwater and surface geodetic surveys, 
exploratory drilling, and permeability investigations of the rock formation, assessing the possibility of water 
contamination in the process of lowering the water level below the natural outflow elevation, defining available 
amounts of water in the course of overexploitation, and monitoring of groundwater regimes under pumping conditions. 
3. Underwater speleological activities 
The results of exploration undertaken in the 1970s, presented in the form of a report including a description and 
sketch of the karst channel up to a depth of 35 m, have served as a basis for the subsequent selection and design of a 
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tapping structure. Underwater investigations initiated in 1997 were conducted for the same purpose, but the depth of 
observation was up to 73 m. Exploratory diving through the karst channel identified the existence of faults, or 2 inter-
connected channels of primary groundwater circulation (Figure 1): 
 
Fig. 1. Channels of primary groundwater circulation 
1st channel – runs from the point of overflow to the inner formation up to a depth of 34 m, in the NW-SE direction.  
The channel is characterized by interchanging wide and narrow zones, whose width ranges from 0.8 to 2.5 m and the 
average height is about 1.5 m.  The bottom of the channel is covered with gravel, debris, and blocks >20 cm. 
2nd channel – runs vertically downward, from the point of contact with the 1st channel to a depth of 83.0 m 
determined by diving. Generally speaking, the fault is in the form of an ellipse, with its longer side 5.0 – 7.0 m and 
the width about 1.5 m (max. 4.0 m). 
Underwater measurements defined the geometry of the karst channel up to a depth of 72 m (Figure 1) and primary 
outflow on account of waters from the deeper fault (bottom up). The measured discharge at a depth of 72.0 m is 
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practically identical to that of the spring. Underwater activities also confirmed the technical feasibility of aquifer 
regulation and additional pumping of groundwater on account of static reserves accumulated beneath the existing 
outflow zone (overflow threshold). 
4. Results of the pumping test 
The test was designed to determine the amount of water that may be obtained from the groundwater storage, created 
within fissures, fractures, and faults of the rock formation, on account of static and partially dynamic reserves. In order 
to provide reliable information on the effects of pumping and extrapolate the data for a permanent pumping 
installation, the test was conducted during the period of minimum discharges, i.e. the period devoid of or with minimal 
precipitation (1 Sep. to 7 Nov. 1997). 

Fig. 2. Krupac spring pumping test results 
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The following equipment was used for the pumping test, based on a special design [3]: 
i Two submerged pumps with an overall capacity of 150-400 l/s, installed at a depth of 25m & 29m. Pump locations 
were governed by the geometry of the karst channel; 
i Discharge pipeline 250mm, which delivered water to a weir and from there by a 450 mm pipeline to an existing 
vacuum-based pipeline 1000 mm that discharges water to the basin of the Krupac Pumping Station; 
i Continuous discharge recorder, turbine type with logger;  
i Continuous water level recorder in the karst channel (hydrostatic-type probe positioned at the depths of the pumps). 
In the course of the pumping test, discharge was also measured at two neighboring springs of lesser yield (Banjica 
I and Banjica II), and along the Krupac River and the Nisava River, as well as groundwater levels in dug wells that 
tap the aquifer in proluvial/diluvial deposits.  Changes in groundwater levels of the investigated karst/fracture aquifer 
were monitored by a single piezometer. Meteorological and hydrologic parameters of the catchment were measured 
and observed in parallel with the pumping test. The course of the test is graphically represented in Figure 2. The period 
from 1 to 9 September 1997 was characterized by free outflow from the spring, amounting to 110-140 l/s. Following 
installation of the pumping equipment, the pumping test with submerged pumps commenced on 17 September and 
lasted until 7 November 1997. The effects of drawdown in the primary circulation channel resulted in changes over 
the wider zone of the spring within several hours.  After the water level of the pond was lowered by 0.9 m, the Banjica 
I Spring, about 500 m from the Krupac Spring, dried out, as did the Krupac River following a drawdown of 5 m. 
An especially interesting period of the pumping test, in terms of assessment of water balance elements, was from 
8 to 13 October.  During this period, at a discharge of about 200 l/s, the water level of the pond stabilized and was not 
pumped on account of additional underground storage.  Since natural discharge during this period would range from 
110 to 120 l/s (determined on a model), the conclusion was that the hydraulic effect under the given conditions may 
be expressed as 'Q between 80 and 90 l/s. At a pumping rate of 150 - 350 l/s, the maximum achieved drawdown at 
the spring was 21 m.  According to pumping test results, it was concluded that the Krupac Spring can provide 
additional 260-280 l/s of water for two months, resulting in a drawdown in the karst channel of 50-60 m relative to 
the overflow elevation.  If an average annual discharge during the dry season of 50-150 l/s is taken as a reference, the 
envisaged amounts of water represent a significant increase in the water source yield. It should be emphasized that 
investigations to date have not revealed any contact between the karst aquifer and the Nisava River, which is located 
about 350-400m from the spring. 
5. Mathematical model of Krupac spring discharge 
The model was prepared to include all significant natural phenomena that occur in a similar system. A description 
of the model is given hereafter.
5.1. Methodology 
A part of the precipitation that reaches the ground is assigned to evapotranspiration, another to surface runoff, and 
the balance is infiltrated by the ground. Pinf.  = Pprec. -  Pevap. –  Psurf. . The part of the catchment area on which a raindrop 
falls (provided it does not run off or is lost to evapotranspiration) will govern the time of its travel to the Krupac Spring 
or either of the smaller springs.  The geologic configuration and outflow results indicate the existence of karstic storage 
and priority natural drainage channels.  Spring discharge may therefore either be (conditionally speaking) baseline 
flow, as a result of the existing storage, characterized by small variations over time, or rapid discharge with sudden 
changes (peak discharges) over a few days.  This means that water is sometimes discharged rapidly, and at other times 
slowly.  In practical terms, the water that is discharged rapidly (through priority channels) is independent of the storage 
within the mountain. Qinf.= Qslow+Qrapid ; Rapid discharge lasts from the first day of heavy precipitation to a maximum 
of 3-4 days after. The remaining water that enters the mountain (Qslow) joins the stored water (uniformly, over a long 
subsequent period) and is discharged according to the principles of a large vessel. QKrupacslow = c1 x Ha1 ;    (c1 and a1 
are constants defined by calibration; a1 should be | 0.5) ; A part of the  water stored in the mountain is discharged 
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through small springs, and another drained through the mountain to the river by underground waterways. Together, 
these waters are represented by: Qotherslow = c2 x (H+d)a2 ; (c2 is a constant significantly less than c1, a2 is like a1|0.5, 
d is a constant that corresponds to the difference in elevations between the small springs and Krupac, | 10m); A 
relation was established (by model calibration) between the mountain storage volume curve (Vstor.) and its height 
relative to the elevation of the Krupac Spring (H).  Discharge from the Krupac Spring on the ith day is obtained by 
adding slow (baseline) and rapid discharges.  The said quantities (peak water balance) are computed for each day of 
the considered period:  Vstor.(i) = Vstor.(i-1) + Vinfl,slow(i) + Vinfl,rapid(i) – VKrupac(i) - Vother (i); The initial boundary 
condition (volume, or the height of the mountain storage) is assumed. 
5.2. Results and comments related to the mathematical model 
Processing of existing data provided the following important values: 
- The mean annual representative precipitation (at an elevation of 885 m.a.s.l., the average elevation of the 
catchment area) was determined for a period of several years (from 1966 to 1979), amounting to 895 mm/annum, or 
an overage of 75 mm/month. The average discharge during the said period of 14 years was 0.911 m3/s. The lowest 
discharges occur from August to November, and are below average in the latter half of the year (July to December); 
- During the same period this spring discharges slightly more than 45% of the precipitation in the catchment area, 
the remainder being consigned by surface runoff, other smaller springs, diffuse discharge andevapotranspiration. With 
regard to monthly distribution, the average precipitation, spring yield andpercentage of water discharged by the spring 
over the said 14 years were as follows: 
Table 1. Percentage of outflow relative to precipitation at Krupac over 14 years 
Month I II III IV V VI VII VIII IX X XI XII Mean 
Precipitation (mm) 67.2 71.8 65.7 76.6 73.9 114.2 89.3 59.7 82.3 50.4 62.5 79.0 74.4 
Qoutf. (m3/s) 1.61 1.62 1.46 1.11 1.06 1.51 0.54 0.26 0.66 0.22 0.38 0.58 0.911 
% 88 75 82 52 52 47 22 16 28 16 22 27 45 
In view of the relatively short period (14 years), the percentages were expected to be somewhat lower for September 
and January, and slightly higher for December. A comparison of Tables 1 and 2, given that the latter contains the same 
information (precipitation, outflow, and percentage of spring discharge) for 1978 and 1979, shows that in certain years 
the percentage of outflow is subject to random phenomena (due to the effect of snow in April of 1978 there was more 
than 150% of outflow from precipitation). A major reason for the difference between the outflow and precipitation 
during certain months is evapotranspiration, which was not measured (such measurement is generally the greatest 
challenge). In summer it is many times higher than in winter, when it drops to a negligible level. There are also 
differences with regard to light and heavy rainfall. During the hot dry season, all of a light rainfall would practically 
be lost to evapotranspiration. Depending on the year, 20-40% of precipitation is assigned to evapotranspiration and 
about 20-25% to surface runoff. 
Table 2. Percentage of outflow relative to precipitation at Krupac in 1978 and 1979 
Month I II III IV V VI VII VIII IX X XI XII Mean 
 Prec. (mm) 82.8 99.1 164.3 97.0 75.6 115.7 71.8 30.7 127.2 34.5 22.4 121.3 86.9 
78 Qoutf (m3/s) 1.33 2.69 2.96 4.34 1.28 1.27 0.48 0.18 0.91 0.08 0.10 1.79 1.45 
 % 59 91 66 159 62 39 24 21 25 9 16 54 60 
 Prec. (mm) 104 79 40 87 59 87 60 99 53 78 81 85 76 
79 Qoutf (m3/s) 2.11 2.15 0.58 1.63 0.61 0.30 0.21 0.21 0.14 0.15 0.44 0.88 0.78 
 % 74 91 54 66 38 12 13 8 9 7 20 38 37 
- For a large number of peaks (as a consequence of priority channels) in 1978 and 1979, on average, rapid outflow 
accounted for 5-40% of the water that entered the mountain (the percentage depends on climate conditions during the 
given year), which was discharged by the spring within 3-4 days after rainfall.  This was included in the model, with 
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20% of the precipitation that reached the priority channels discharged on the day of rainfall, 50% the day after, 15% 
two days after, 10% three days after, and 5% four days after. 
- The values of constants c1 & c2 obtained in the process of calibration were 0.120 and 0.040, respectively. 
Constants a1 & a2 assume the value 0.6, attributed to the fact that outflow from a karstic storage is not the same as 
from a large vessel. The correlation between storage volume and height is represented by pairs of points shown in 
Table 3. The storage volume in both years did not depart from 8-10, i.e. the annual volume variation was about 1-2 x 
106 m3 of water, depending on the year. 
Table 3. Function of V(H) for a karstic storage; H=0 represents the outflow (263.0 masl) 
H (m) -10 0 1.5 10 150 
V (106 m3) x x + 6 x + 8 x + 10 x + 30 
The two years were used to calibrate the model and obtain the necessary coefficients.  The results are shown in 
Figures 3 and 4.  Two things are noted in the graphs for 1978 and 1979:  
 The baseline diagram was relatively close to the actual, measured discharge; 
 Some of the recorded peaks was significantly higher than the calculated peaks (beginning and end of June 78, 
beginning of Sept. 78), whereas certain other calculated peaks were much lower than recorded, or were not recorded 
at all (end of Sept. and middle of Oct. 78, beginning of Oct. 79). This is because more accurate data are required 
on precipitation within the catchment area (even parts of the catchment area), since it was obvious from available 
rainfall gauging data that there were clouds that more-or-less bypassed one of the gauging stations or, in another 
case, the catchment area. 
 
Fig. 3. Krupac karst spring: Measured values and calculated values and base runoff obtained by mathematical model for 1978 year 
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Fig. 4. Krupac karst spring :  Measured values and calculated values and base runoff obtained by mathematical model for 1979 year 
- The model was not used for forecasts from January to April, due to the effect of snowmelt; 
- The baseline diagram provided rather sound results (the error was not greater than +/- 10%) for the remaining 
part of the year, in spite of the said extenuating circumstances.  Contrary to the case of baseline flow, the effect of 
insufficient precipitation data (amounts and distribution within the catchment area) on rapid discharge was greater.  In 
order to reduce this effect it would be necessary to have more rain gauging stations in the catchment area; 
- The practical importance of such a model lies in the fact that it is possible to calculate spring discharges for past 
periods, for which reliable precipitation data are available.  Furthermore, it can be used to predict certain extreme 
situations, like if there is no rainfall in the following month.  Under such conditions, all well discharge will be slow. 
It is calculated by the model with more than acceptable accuracy. 
6. Concluding remarks 
The noted decrease in precipitation in eastern Serbia, including the city of Nis, aggravates the water resource 
availability problem [4, 5, 6]. With the assistance of the Jaroslav ýerni Institute for the Development of Water 
Resources, the city has undertaken an extraordinary project and secured additional amounts of drinking water in a 
highly cost-effective way. 
The position of the main karst channel, and the locations and depths at which pumps were suspended, were defined 
on the basis of speleological, geodetic, and other surveys. The developed mathematical model provided answers, 
which were later corroborated, about the nature of discharge and which additional amount of water could be expected. 
The selected water tapping structure was a well. Drilling (bore diameter of 700 mm), installation of equipment, and 
other activities required to deliver additional amounts of water to the water supply system of Nis, were successfully 
completed in 2004 and 2005. The pumping depth is about 56 m from the overflow, but the starting position of drilling 
was at an elevation 28 m higher (291 m.a.s.l.), so that the drilling depth was about 85m. Two wells were built at a 
distance of 1.40 m between centerlines. A minimum of 200 l/s of additional water was obtained for the two or three 
critical months of the year (generally August-October). The cost of the undertaking was slightly less than 1 million 
Euros. This means that the capital expenditure for additional water from Krupac amounted to less than 5,000 Euros 
per l/s, which was by far the best solution for the city of Nis and its population of about 300,000 [1]. Finally, it should 
be noted that water from this spring is of exceptional quality and requires no treatment other than chlorination. 
Furthermore, there is a high probability of water quality conservation since there are no potential water polluters in 
the catchment area. 
This type of project might be applicable to some other regions in karst, especially if there is a siphon-shaped cavity 
inside the mountain. For locations where the possibilities of obtaining additional amounts of water are limited (e.g. an 
island), this method, if geologic conditions permit, could be by far the best solution. 
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